Introduction
Effectors as well as regulatory antitumor immune responses are critical factors dictating tumor fate (1) (2) (3) . In mice, the elimination of Tregs before tumor inoculation can lead to complete tumor eradication (4, 5) . This indicates that, before tumor emergence, there are enough effector T cells (Teffs) to eradicate growing tumors, which they fail to do because of Treg suppression. In humans, composition of T cell tumor infiltrates is often a good predictor of tumor outcome (6) , with a higher infiltration by Tregs mostly associated with poor survival (7, 8) . Furthermore, recent successes of tumor immunotherapies using checkpoint inhibitors have established the antitumor potential of patients' Teffs (9-11), but also highlighted that without a boost these Teffs are inefficient in the tolerogenic tumoral environment (12, 13) .
This environment is in large part imprinted by Tregs (14) (15) (16) . At the time of tumor emergence in mice, competition arises between antitumor Tregs and Teffs (17) . Importantly, the responding Tregs are specific for self-antigens and have a preexisting activated/memory phenotype (amTregs). This memory phenotype makes them respond more quickly than naive Teffs targeting tumor-specific antigens. In less than 4 days after tumor inoculation, amTregs imprint a powerful, dominant, tolerogenic environment. Adoptively transferred tumor-specific amTeffs block the development of tumors when injected between days 0 and 3 after tumor cell implantation, but lose this potential thereafter (17) . Identifying the molecular drivers for this dominant tolerance would be of major importance, as it could provide new targets for (combined) cancer immunotherapies.
As tumor cells express a broad range of molecules that can impact Treg behavior (18, 19) , we first examined the whole transcriptome of growing tumors at various time points after tumor implantation to identify genes and pathways modulated during tolerance imprinting. We identified VEGF and TGF-β as good candidates, as their related pathways have an early modulation and they are pleiotropic cytokines with immunosuppressive activities, including effects on Tregs (20, 21) .
VEGF is a major regulator of tumor angiogenesis (22) , but also a powerful inhibitor of DC maturation
Tregs imprint an early immunotolerant tumor environment that prevents effective antitumor immune responses. Using transcriptomics of tumor tissues, we identified early upregulation of VEGF and TGF-β pathways compatible with tolerance imprinting. Silencing of VEGF or TGF-β in tumor cells induced early and pleiotropic modulation of immune-related transcriptome signatures in tumor tissues. These were surprisingly similar for both silenced tumors and related to common downstream effects on Tregs. Silencing of VEGF or TGF-β resulted in dramatically delayed tumor growth, associated with decreased Tregs and myeloid-derived suppressor cells and increased effector T cell activation in tumor infiltrates. Strikingly, co-silencing of TGF-β and VEGF led to a substantial spontaneous tumor eradication rate and the combination of their respective inhibitory drugs was synergistic. VEGF and/or TGF-β silencing also restored tumor sensitivity to tumorspecific cell therapies and markedly improved the efficacy of anti-PD-1/anti-CTLA-4 treatment. Thus, TGF-β and VEGF cooperatively control the tolerant environment of tumors and are targets for improved cancer immunotherapies.
that allows the accumulation of myeloid-derived suppressor cells (MDSCs) in the tumor (23, 24) . VEGF can also induce Treg proliferation (25, 26) and inhibits the activity of Teffs in the tumor (27) . By modifying tumor vascularization, VEGF could also alter the metabolic competition that affects the Treg/Teff balance and is a driver of cancer progression (28) (29) (30) . TGF-β is a master regulator of cellular proliferation (31) . TGF-β is also crucial for peripheral Treg induction from naive CD4 + cells (32, 33) and a major signaling molecule for the maintenance of Treg function (34) , including in the tumor environment (35) . It can also inhibit the activation and differentiation of both innate and adaptive immune cells, including NKs, DCs, and T cells (36, 37) .
To study the role of tumor-derived VEGF and TGF-β in antitumor immune responses and dominant tolerance establishment, we silenced their expression in tumor cells using lentiviral transduction of specific shRNA (38) . We used poorly immunogenic B16F10 melanoma cells as well as more immunogenic AB1-HA cells. Treg depletion in these two models has markedly different outcomes, with mostly a growth delay for B16 cells and an 80% eradication rate for AB1-HA cells (39) .
We show that silencing of VEGF or TGF-β overturns the tolerant environment of tumors. It unleashes natural antitumor immune responses that induce eradication of immunogenic tumors. It also confers on tumors a much higher susceptibility to both cellular-and checkpoint inhibitor-based immunotherapies. Thus, our study identifies TGF-β and VEGF as the major drivers of tumor tolerance and targets for combined immunotherapies of cancer.
Results

Silencing of tumor-derived VEGF or TGF-β induced early and pleiotropic upmodulation of immune responses detected in tumor tissue transcriptomes.
Initial evaluation of WT tumor transcriptomics by microarray analysis suggested an early modulation of both VEGF-and TGF-β-related pathways (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/jci.insight.85974DS1). To evaluate their contribution to the dominant tolerance of tumors, we generated tumor clones silenced for each of these molecules by lentiviral-mediated transduction of specific shRNAs in B16F10 melanoma cells. We selected two stable clones (B16-shVEGF and B16-shTGF-β) having a greater than 95% reduction of expression of VEGF or TGF-β mRNA, respectively, and an in vitro doubling time similar to that of their parental cell line (Supplemental Figure 2) .
To evaluate the early and global consequences of VEGF or TGF-β silencing, we first analyzed the transcriptome of whole tumor tissues by microarray 4 days after tumor inoculation in WT mice (Table 1, Figures 1 and 2) . Using gene set enrichment analysis (GSEA), we first performed an unsupervised enrichment analysis of compiled gene sets -lists of genes described as contributing to a given biological process -from the Gene Ontology database (40) . Already at day 4, there were 1,675, 1,155, and 645 signatures (lists of genes whose expression variations are correlated) that were significantly modulated (FDR P value < 0.05) in The proportion of immune-related signatures among the significantly up-and downregulated ones was calculated in B16, B16-shVEGF, and B16-shTGF-β tumor settings, as compared with control samples (tumor-free mouse skin), 4 days after tumor inoculation. The proportion test was performed regarding the total number of signatures tested using gene set enrichment analysis. The immune-annotated signatures were automatically counted using the grep function from R.
B16, B16-shVEGF, and B16-shTGF-β tumors, respectively (Table 1) . Among these, 99 of 99 immune-related signatures of WT tumors were all downmodulated; in contrast, 54 of 56 and 96 of 96 immune-related signatures of B16-shVEGF and B16-shTGF-β tumors, respectively, were highly significantly upregulated (Table 1) . Using the Cytoscape software (41, 42) , we then represented the significantly modulated signatures as networks ( Figure 1 ). Compared with parental B16 tumors, VEGF or TGF-β silencing induced marked changes in expression levels of only two categories of genes: those related to cell division (including metabolism) and those related to immune responses ( Figure 1, A and B) . The latter were all upregulated compared with B16 tumors, and we further evaluated them with ingenuity pathway analysis ( Figure  2 ) and found that they could be linked to specific immune-related functions or settings. For example, most genes related to "lymphocytes migration" and "activation of T lymphocytes" are upregulated in both B16-shTGF-β and B16-shVEGF tumors but downregulated in B16 (Figure 2 , A-F). To address whether these changes were linked to an early alteration of Treg responses, we analyzed our data sets with three Treg-related signatures described in the literature. Principle component analysis (PCA) showed that all of these signatures can differentiate the parental and the silenced tumors (Supplemental Figure 3) .
In order to further validate the relevance of these findings, we attempted to test them on human data sets (Supplemental Figure 4) . We generated molecular signatures using an unsupervised algorithm based on independent component analysis (ICA, ref. 43 ) and validated their significance using GSEA. We then selected the top three significantly modulated murine ICA-extracted signatures, converted them to their human orthologs, and compared them with a publically available human melanoma data set (Supplemental Figure 4A ). In addition, we also tested signatures derived from immune-related modules presented in Figure 1 (Supplemental Figure 4B) . Despite the much greater variability inherent to human studies, PCA showed very good separation between the 52 metastasis biopsies and the 31 primary melanoma biopsies, thus demonstrating the clinical relevance of our transcriptomic analyses.
Silencing of tumor-derived VEGF or TGF-β unleashes T cell-mediated antitumor immune responses. To assess . In order to extend these results, we also silenced TGF-β and VEGF in AB1-HA tumor cells that are more immunogenic and from a different genetic background (BALB/c mice). We observed that VEGF and TGF-β silencing led to a growth delay similar to that noted for B16 tumor cells ( Figure 3G ), with a 50% tumor rejection rate for B16-shTGF-β tumors ( Figure 3H ).
Silencing of tumor-derived VEGF or TGF-β prevents Treg recruitment and proliferation in tumor-draining lymph nodes.
We analyzed the contribution of Tregs to the growth inhibition of silenced tumors. We first monitored recruitment of total Tregs (Foxp3 + among CD4 + cells) and amTregs (CD44 hi among CD4 + Foxp3 + cells) in tumor-draining (dLNs) and non-draining (ndLNs) lymph nodes ( Figure 4A and Supplemental Figure 5A ). Treg proportions progressively increased to greater than 15% at day 20 after tumor implantation in B16 dLNs compared with ndLNs. In contrast, there was a significantly reduced increase in this proportion in B16-shVEGF and B16-shTGF-β dLNs. This effect was more pronounced for the recruitment of amTregs in dLNs. Statistical significance of the survival curves was analyzed by using the log-rank test, and the other results by using the Ordinary one-way ANOVA test with Bonferroni's correction (*P < 0.05; **P < 0.005, ***P < 0.001, ****P < 0.0001).
This decreased recruitment of Tregs correlated with their decreased activation and proliferation. We adoptively transferred ex vivo CFSE-labeled
proportion was increased in dLNs of mice harboring B16 tumors, but not in those of mice harboring silenced tumors. These observations were even more striking when looking at amTregs.
Tumor-derived TGF-β, but not VEGF, is crucial for Treg recruitment and survival in the tumor mass. We next looked at the dynamics of Treg recruitment within tumors. The percentage of tumor-infiltrating Tregs was higher and increased over time in B16 and B16-shVEGF tumors, reaching approximately 33% of CD4 + cells at day 20 ( Figure 4C and Supplemental Figure 5C ). In contrast, the percentage of tumor-infiltrating Tregs always stayed around 10% in B16-shTGF-β tumors. This translated into a 4-fold increase of the Teff/Treg ratio in B16-shTGF-β tumors compared with B16 and B16-shVEGF tumors (data not shown).
These differences were not due to the generation of peripherally induced Tregs (pTregs), described as largely TGF-β dependent (36 5 WT (F), VEGF-(G), or TGF-β-(H) silenced tumor cells; n = 10 mice per group in 2 independent experiments. Statistical significance of the survival curves was analyzed by using the log-rank test, and the other results by using the Ordinary one-way ANOVA test with Bonferroni's correction (*P < 0.05; **P < 0.005, ***P < 0.001).
that is partly controlled by the generation of pTregs (Supplemental Figure 6 ). In contrast, upon transfer 1 day after the injection of WT or silenced tumors, we could not detect substantial Thy1.1 + CD4 + GFP + pTregs in dLNs or in tumors (Supplemental Figure 6) . Additionally, there were also no statistically significant differences for Ki67 + Treg proportions in the different tumors ( Figure 4D and Supplemental Figure 5D ). In contrast, 25% of Tregs in B16-shTGF-β tumors were positively stained for annexin V, compared with less than 5% in B16 and B16-shVEGF tumors ( Figure 4E and Supplemental Figure 5D ). We also analyzed various activation markers of Tregs in the silenced tumors (CTLA-4, Icos, PD-1, and CD69) and did not observe any major changes in their expression across the different groups (data not shown).
To evaluate the functional relevance of Tregs infiltrating WT and B16-shVEGF tumors, we treated mice + (lower panels) DC subsets, measured by flow cytometry and presented as mean fluorescence intensities. All the results are at day 20 after tumor inoculation and for n = 5 to 10 mice per group in at least 2 independent experiments. Statistical significance of the results was analyzed by using the Ordinary one-way ANOVA test with Bonferroni's correction (*P < 0.05; **P < 0.005, ***P < 0.001, ****P < 0.0001). insight.jci.org doi:10.1172/jci.insight.85974
with Treg-depleting anti-CD25 antibodies 1 day prior to tumor challenge ( Figure 4 , F-H). Compared with PC61-treated B16 tumors, Treg depletion had little effect on B16-shTGF-β tumor growth ( Figure 4 , F and H, P = 0.3589), while it led to an eradication rate of over 50% for B16-shVEGF tumors ( Figure 4G , P = 0.0036).
VEGF or TGF-β silencing dramatically impacts the density and composition of tumor-infiltrating hematopoietic cells.
We analyzed the composition and activation status of tumor immune infiltrates at day 20 ( Figure  5 and Supplemental Figure 7 ). TGF-β or VEGF silencing induced a marked increase in the density of the immune infiltrates ( Figure 5A ). MDSCs represented 40% of the total infiltrate in B16 tumors. Their proportion was considerably reduced in B16-shVEGF and B16-shTGF-β tumors (14% and 12%, respectively). In contrast, DC and T cell proportions were increased by 40% and 70% in B16-shVEGF and B16-shTGF-β tumors compared with WT tumors, respectively. The small proportions of granulocytes, B cells, NK cells, and NKT cells present in the tumor infiltrates did not vary between tumors ( Figure 5B and Supplemental Figure 7A) .
VEGF or TGF-β silencing leads to increased activation of tumor-infiltrating Teffs and DCs. Tumor-infiltrating CD8 T cells expressing Ki67 did not vary appreciably between the different tumors. In contrast, the silencings induced a significant increase in the proportions of CD4 +
FoxP3
-Ki67 + Teffs, which was more pronounced in the B16-shTGF-β than in the B16-shVEGF tumors ( Figure 5C and Supplemental Figure 7B ). Both CD4 + and CD8 + Teffs from B16-shTGF-β and B16-shVEGF tumors had increased production of IFN-γ and TNF-α inflammatory cytokines, compared with B16 tumors ( Figure 5 , D and E and Supplemental Figure 7C ). The increase in IFN-γ and TNF-α production in CD4 + Teffs was more upregulated in CD4
+
Teffs from B16-shVEGF tumors. CD83 and CD86 expression on CD11b + and CD103 + DCs subsets was increased as well as in B16-shTGF-β and B16-shVEGF tumors, compared with B16 tumors ( Figure 5F and Supplemental Figure 7D) .
Silencing of tumor-derived VEGF or TGF-β produces partially nonoverlapping upmodulation of immune responses in the tumor tissue transcriptome and synergizes to induce T cell-dependent tumor eradication.
We directly compared the modulated signatures of B16-shTGF-β and B16-shVEGF tumors ( Figure 6 ). Already at day 4, among the 605 modulated signatures of either silenced tumors, 377 (62%) were commonly modulated in both B16-shTGF-β and B16-shVEGF tumors. When looking only at immune-related signatures, 128 of the 163 modulated ones (78%) were commonly regulated in both B16-shTGF-β and B16-shVEGF tumors. At day 14, the percentages of commonly regulated signatures remained at 62%, while that of immune-related signatures rose to 97% ( Figure 6A ). These striking similarities between the pleotropic changes in immune-related signatures suggested a common downstream pathway, which we hypothesized was linked to Treg functions. We thus compared the modulated signatures resulting from VEGF or TGF-β silencing to those resulting from Treg depletion. Strikingly, all the upmodulated immune-related signatures of B16-shTGF-β and B16-shVEGF tumors were also upregulated in WT tumors developing in Treg-depleted mice ( Figure 6A) .
We then looked at the differently modulated signatures between B16-shTGF-β and B16-shVEGF tumors. While VEGF or TGF-β silencing led to markedly different regulation of diverse signatures related to metabolic, catabolic, and cell adhesion functions, they led to only limited differences in the modulation of immune-related signatures. There were only 11 immune-related signatures that were differentially regulated after either TGF-β or VEGF silencing ( Figure 6B) . Furthermore, these differences were only quantitative, as all of these signatures were upregulated in both B16-shTGF-β and B16-shVEGF tumors compared with B16 tumors. Figure 6D ).
To investigate whether the co-silencing of TGF-β or VEGF could be synergistic, we generated B16-shTGF-β/ shVEGF tumors (Supplemental Figure 8). Although the in vitro doubling time for the WT and co-silenced tumors was identical, the growth of B16-shTGF-β/shVEGF tumors was slightly delayed in CD3ε-KO mice (Figure 6C). Strikingly, B16-shTGF-β/shVEGF tumor growth was markedly slowed in WT C57BL/6 mice, ultimately resulting in a 40% complete eradication rate without any therapeutic intervention (
Tumor-derived VEGF and TGF-β both contribute to dominant tolerance imprinting. The dominant tolerance of tumors is characterized by their refractoriness to the injection of tumor-specific activated T cells (17) . Given the decreased Treg response to the silenced tumors and the early reprogramming of the tumor environment, we investigated whether VEGF or TGF-β silencing could prevent the dominant tolerance imprinting. We engineered our tumors to express the lymphocytic choriomeningitis virus (LCMV) envelope glycoprotein model antigen (gp), and harvested tumor-specific Teffs from immunized WT C57BL/6 mice. Dominant tolerance installation was then assessed by comparing the effect of gp-specific amTeff adoptive transfer at day 0 or day 4 after tumor cell inoculation (Figure 7, A-D) . As previously reported (17), B16 tumors became refractory to the transfer of amTeffs at day 4 ( Figure 7A ). In contrast, VEGF-and/or 1 0 insight.jci.org doi:10.1172/jci.insight.85974
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TGF-β-silenced tumors remained permissive to immune attack by amTeffs at day 4 ( Figure 7, B-D) .
Combination of VEGF and TGF-β inhibitory drugs is synergistic.
To explore the therapeutic potential of VEGF and TGF-β inhibitors, we first treated established B16 tumors with a combination of existing drugs targeting VEGF or TGF-β. We selected sunitinib, targeting the VEGF pathway (26, 27) , and SB431542, an inhibitor of TGF-β signaling (45, 46) . While SB431542 and sunitinib alone induce moderate effects on B16 growth (a respective increase of 1 and 5.5 days of median survival), their combination appears synergistic ( Figure 7 , E and F) and leads to a significant 10.5 days increase in the median survival ( Figure 7F) .
Silencing of VEGF and/or TGF-β leads to a dramatic improvement of anti-PD-1/anti-CTLA-4 treatment efficacy.
To deepen the potential use of VEGF and/or TGF-β targeting, we then assessed the impact of anti-PD-1/anti-CTLA-4 antibody immunotherapy on the silenced-tumor growth ( Figure 7 , G-J). This combined treatment led to a 27% rejection rate of B16 WT tumors ( Figure 7G ). In silenced tumors (Figure 7 , H-J), these complete response rates were significantly increased, reaching up to 80% in the doubly silenced tumors ( Figure 7J ).
Discussion
We identified tumor-produced VEGF and TGF-β as molecular drivers of tolerance imprinting by transcriptomic analyses of tumor tissues. Noteworthily, these studies were performed on samples from day 4 after tumor cell inoculation in order to assess early events that could be linked to the imprinting of the tumor tolerant environment (17) . At this time point, silenced tumors were hardly detectable. This rendered flow cytometric and histological studies impossible, while transcriptomic studies allowed a global early assessment of the tumor microenvironment. The inactivation of VEGF and TGF-β completely changes the immune infiltrate of tumors from a tolerant-oriented one to an effector-oriented one. Likewise, it unleashes the potential of natural tumor-specific effector immune responses that result in a marked delay in tumor growth in poorly immunogenic tumors and even in tumor eradication in more immunogenic tumors. Finally, VEGF and TGF-β inactivation changes the tumor environment from refractory to permissive in cellbased immunotherapies and dramatically improves the efficiency of checkpoint inhibitors.
The global transcriptomic studies that assessed the effects of VEGF and TGF-β silencing produced molecular signatures discovered using unsupervised methods, and are thus robust. Furthermore, we showed that such signatures, obtained from mouse data sets, have the power to discriminate clinical samples (i.e., metastases from primary melanoma). Although the information related to the human data set do not allow interpreting these results, they strongly reinforce the relevance of our transcriptomic studies.
It is surprising that two cytokines with largely different functions have such remarkably similar effects in the context of tumors. Indeed, transcriptomic analyses of shTGF-β and shVEGF tumors show a major pleiotropic impact of VEGF and TGF-β on immune responses, from lymphocyte recruitment to antigen presentation and lymphocyte activation. Comparison of the signatures commonly or differently upregulated after VEGF or TGF-β silencing highlights similarities rather than differences. There are 91 immune-related signatures that are similarly upregulated in response to either silencing, while only 11 are differently regulated. Closer examination of the latter showed that they are composed of genes related to TCR signaling (such as CD3ε, CD3δ, CD81, Zap70, or Lck), T cell activation (e.g., CD28, TNF-α, ADAM17, IL-4, IL-7, IL-15, IL-18) and antigen presentation (e.g., MHC molecules, CD83, CD86) (data not shown). Moreover, their differential regulation is only quantitative; i.e., higher upregulation in response to TGF-β silencing.
Such similarities strongly suggest that the effects of these cytokines are related to a common downstream effect, which we showed is linked to Tregs, although differently. TGF-β inactivation had a largely direct effect on Tregs, with decreased tumor infiltration and increased apoptosis, in line with its known properties (34, 37, 47) . In contrast, the effect of VEGF on Treg appears more indirect. By affecting the maturation of DCs and, possibly more importantly, by modifying the metabolic environment of tumors, VEGF C and D) Kaplan-Meier survival curves of (C) CD3ε-KO and (D) C57BL/6 WT mice inoculated with the listed tumors; n = 10 mice per group in 2 independent experiments. Statistical significance of the survival curves was analyzed by using the log-rank test (**P < 0.005, ***P < 0.001).
may differently alter the fitness of Treg and Teffs (28) . We confirmed these observations by showing that the very same immune-related signatures upregulated in the transcriptomes of TGF-β-or VEGF-silenced tumors are similarly upregulated in the tumors growing in Treg-depleted hosts. Thus, TGF-β may primarily reduce the number of Tregs while VEGF may primarily reduce their fitness. The resulting common Treg "insufficiency" explains the observed similarities. These two different mechanisms -mostly quantitative and mostly qualitative -are supported by the cooperativity of the effects mediated by the 2 cytokines. Their co-silencing improves the complete response rate from 0% in WT tumors and singly silenced tumors to 40% for poorly immunogenic tumors, and up to 60%-80% in immunogenic tumors. Noteworthily, the immune responses unleashed by these effects on Tregs appear in large part to be mediated by a similar (a) decrease in the proportion and number of MDSC, and (b) increase in DCs and Teff activation.
The recent success of checkpoint inhibitor-based immunotherapies of cancer (9, 10) has highlighted the potential of the natural effector immune response against cancer. By efficiently boosting Teffs, these effectors can penetrate and destroy tumors. However, it has also appeared that these therapies have an important effect on modifying the metabolic environment of tumors, at least in part explaining their effects. As these therapies are only partially effective (i.e., do not always achieve a complete response, nor are they effective in all patients), there is a need to improve them. This is likely to be achieved by combinatorial treatments (48). Here we report that the combination of anti-TGF-β and anti-VEGF drugs is synergistic, providing a 6 gp-specific activated/memory effector T cells (amTeffs) from immunized mice at day 0 or day 4; n = 5 mice per group. Survival rate was significantly higher in B16gp-bearing mice when amTeffs were injected at day 0 compared with day 4 (log-rank test, P = 0.0324), whereas it was not in response to the other tumors. (E) Kinetics and (F) Kaplan-Meier survival curves of parental B16 tumor-bearing WT C57BL/6 mice treated or not with sunitinib during 2 weeks and/or SB431542 at days 3, 6, and 9; n = 5 per group. (G-J) Kaplan-Meier survival curves of B16-(G), B16-shVEGF-(H), B16-shTGF-β-(I), or B16-shTGF-β/shVEGF-(J) bearing WT C57BL/6 mice treated or not at days 3, 6, and 9 with a cocktail of 100 μg anti-CTLA-4 and 250 μg anti-PD-1 antibodies; n = 11 mice per group in 2 independent experiments. Survival rate was significantly higher in the B16-shVEGF-bearing (P = 0.048) and B16-shTGF-β/shVEGF-bearing (log-rank test, P = 0.0041) treated groups compared with the B16-bearing treated group. Statistical significance of the survival curves was analyzed by using the log-rank test (*P < 0.05; **P < 0.005).
rationale to test their therapeutic combination in patients. Combinations of VEGF-or TGF-β-inhibitory molecules with other therapeutic regimens have already been tested. They revealed that TGF-β targeting improves the efficacy of diverse radiotherapeutic and chemotherapeutic protocols, as well as immunotherapies using vaccination strategies or anti-OX40 antibodies. These positive effects have been linked to effects on stroma normalization, transport of therapeutic molecules into the tumor site, and modification of the intratumoral Teff/Treg balance (49) . VEGF inhibition has been combined with a much broader range of therapeutic products. These include radiotherapeutic and chemotherapeutic agents, T cell-based cell therapies, immunostimulatory cytokines such as IL-12, IL-21, and IFN-α, and immunomodulatory antibodies including anti-41BB, anti-PD-1, and anti-CTLA-4 (50) . In all cases, VEGF inhibition has been associated with improved antitumor effects of these therapies. Interestingly, a combination of bevacizumab (anti-VEGF) and ipilimumab (anti-CTLA-4) in metastatic melanoma patients led to increased Teff infiltration in the tumor and improved tumor outcome compared with ipilimumab alone (51) . Similar results were obtained in mice using a combination of anti-VEGF and anti-PD-1 antibodies (27) .
Altogether, our results provide additional evidence that Tregs are the main players in dictating the tolerant tumor environment and must be controlled to improve immunotherapies. We identify tumor-produced VEGF and TGF-β as the main molecular controllers of the Treg response. Their inhibition changes the tumor environment towards Teffs from a refractory one to a permissive one. Likewise, they identify these molecules as excellent candidates for immunotherapies of cancer that combine therapies disrupting the tolerant environment with biotherapies providing better effectors.
Methods
Animals and transplanted tumor models. Female BALB/cJRj and C57BL/6JRj mice (6-8 weeks old) were obtained from JANVIER SAS. Thy-1.1 C57BL/6 mice, CD3ε-KO mice, and Foxp3-EGFP-Thy-1.1 mice were maintained in our animal facility. Mice were housed in filter-topped cages under specific pathogen-free conditions. All mice were treated in accordance with the European Union guidelines for animal experimentation. Mycoplasma-free B16F10 tumor cells were obtained from the ATCC (catalog CRL-6475) and cultured in DMEM (Invitrogen) complemented with 10% FCS, 2 mM L-glutamine (Invitrogen), and 100 U/ml penicillin-streptomycin (Invitrogen). The mycoplasma-free AB1-HA mesothelioma cell line, which expresses the murine influenza HA (52) Plasmid and viral vectors. Vectors encoding shRNA were from Sigma-Aldrich (pLKO.1 puro vectors: Vegf-a: NM-009505.2-592s1c1 TCRN0000066818 TRC1; Tgf-β1: NM-011577.1-1753s1c1 TCRN0000065993 TRC1). They also contained the puromycin resistance gene, which was used to select transduced cells. The VEGF-specific shRNA-carrying vector used to create the co-silenced cells is the pLKO.1 plasmid from SigmaAldrich in which we replaced the puromycin resistance gene with the neomycin resistance gene. The expression vector for the gp model antigen derived from the LCMV virus, encapsulable by lentiviruses and permitting gp protein and GFP expression, is derived from a vector previously used in our laboratory (53) . Plasmids were amplified in E. coli INV110 bacteria, purified with a Nucleobond Xtra Maxi EF kit (Macherey-Nagel), and their yield was assessed with a NanoDrop 1000 spectrophotometer (NanoDrop Products, Thermo Fisher Scientific) and then verified by enzymatic digestion. To produce the lentiviral vectors, a mixture of three plasmids (7.5 μg of VSVG, 17.25 μg of CMV9, and 21.5 μg of shRNA or gp expression plasmids) was precipitated and used to transfect HEK-293T cells as previously described (54) . The supernatant of these transfected cells was then sterile filtered using Stericup (Millipore) and concentrated using Centricons (Millipore).
Cell transduction by lentiviruses. Tumor cell transduction was performed by infecting target cells with the viruses for 2 hours in polybrene-containing FBS-free medium before the addition of complete medium. Two days later we replaced the medium with antibiotic-containing medium to select for transduced cells. Antibiotics used were puromycin (Invivogen, ant-pr-1) at 5 μg/ml and G418 (neomycin analog; Invivogen, ant-gn-1) at 5 mg/ml. Antibiotic-resistant cells were then cloned by the limiting dilution method.
Immunization and transfer of gp-specific Teffs. C57BL/6 WT mice were immunized twice s.c. at the base of the tail with a lysate of 2 × 10 6 gp-expressing B16 cells per mouse, prepared as described elsewhere (55) and adjuvanted in 500 μg of alum (Thermo Fisher Scientific), 3 and 2 weeks before sacrifice. Gp-specific Teffs were enriched from lymphoid organs by magnetic cell separation (Miltenyi) using biotinylated anti-B220, anti-CD25, and anti-Ter119 antibodies (BD Biosciences) to deplete B cells, Tregs, and red blood cells, respectively. Enrichment was checked by FACS and Teffs were then i.v. transferred into C57BL/6 WT receiver mice, 4 days after or on the same day as tumor inoculation.
In .1 congenic C57BL/6 mice which were purified using a FACSAria flow cytometer (BD Biosciences) as previously described (17) .
VEGF and TGF-β-specific qRT-PCR assays. Total RNA was prepared from in vitro tumor cells using the RNeasy Plus Mini Kit (QIAGEN). RNA yield was assessed using the NanoDrop 1000 spectrophotometer. RNA integrity was assessed using an Agilent Bioanalyzer showing a quality RNA integrity number of 8-10 (Agilent Technologies). RT-PCR was performed to synthesize cDNA for PCR analysis. cDNA in each sample was then quantified by qPCR (Applied Biosystems). The primers used for the first amplification of the housekeeping gene (HPRT1) were forward 5′-GACCGGTCCCGTCATGC-3′ and reverse 5′-TCATA-ACCTGGTTCATCATCGC-3′. The primers used for the first amplification of VEGF-A and TGF-β1 were obtained from Thermo Fisher: VEGF-A (catalog Mm01281449) and TGF-β1 (catalog Mm01178820). qPCR was performed twice using TaqMan Universal PCR master mix (Applied Biosystems).
Transcriptomic experiments and analysis. Tumor microenvironments were collected from punch biopsies (2.5-mm diameter) centered on the inoculation site, thus collecting both tumor and surrounding tissue. Controls originated from naive mouse skin. Samples were incubated overnight in RNAlater (QIAGEN) at 4°C and then transferred to -80°C for storage. Samples were lysed and homogenized using the TissueLyser (QIAGEN) and total RNA was purified using Trizol (Invitrogen) according to the manufacturer's instructions. RNA yield was assessed using the NanoDrop 1000 spectrophotometer. RNA integrity was assessed using the Agilent Bioanalyzer showing a quality RNA integrity number of 8-10. The RNA was processed using the Illumina TotalPrep RNA Amplification Kit Protocol according to the manufacturer's protocol. Briefly, labeled complementary RNAs (cRNA) were hybridized overnight to Illumina MouseWG-6 v2.0 Expression BeadChip microarrays. The arrays were then washed, blocked, stained, and scanned on an Illumina BeadStation following the manufacturer's protocols. Illumina BeadStudio software (Illumina) was used to generate signal intensity values from the scans. All mouse-based data sets were deposited in the GEO repository (GSE73384 and GSE68454) and the public human-based data set is freely available (GSE8401). Genes were filtered out from the analysis if their expression was below the detection limit (P < 0.05) in at least 2 out of 3 samples in both tumor microenvironment and control groups. Next, data were normalized according to the quantile method using the limma R package and then log-transformed. The limma package, freely available at http:// www.bioconductor.org/packages/release/bioc/html/limma.html, was used to identify differentially expressed genes (Benjamini-Hochberg corrected P value < 0.05) at days 4 and 14. Hierarchical clustering was performed using Euclidean distance and the Ward agglomeration method. ICA, described elsewhere (43) , was used to generate molecular signatures specific for our data sets. GSEA was used in order to test the statistical relevance of Gene Ontology-based and ICA-based molecular signatures in data sets. A detailed explanation of GSEA can be found in Subramanian et al. (58) . Overlaps between significantly enriched signatures from GSEA could be visualized in Cytoscape (41) (version 2.8.3) with the Enrichment Map plugin (42) . Enrichment Map produced networks whose nodes represent signatures and whose edges represent mutual overlap. This groups highly redundant signatures together as modules. Only gene sets with an FDR P value of less than 0.01 were selected and the mutual overlap coefficient between signatures was set at 0.8. Modules of functionally related signatures were manually circled and assigned a label. The functional network was manually curated to remove modules containing fewer than 3 signatures, resulting in a simplified network map. Venn representations were performed using the VennDiagram package on the R platform.
Treatments. Sunitinib (Sutent, from Pfizer) was administered by oral gavage at 40 mg/kg, starting 2 days after tumor inoculation and during two weeks. SB431542 (Sigma-Aldrich) was administered by i.p injection at 3 mg/kg at days 3, 6, and 9 after tumor inoculation. Sunitinib and SB431542 were dissolved in DMSO and diluted in PBS before administration. Antibody-mediated immunotherapy targeting checkpoint inhibitors was performed as described elsewhere (9) . Briefly, 3, 6, and 9 days after inoculation, tumor-bearing mice received i.p. a cocktail containing 100 μg of anti-CTLA-4 antibody (9D9 clone from BioXcell, catalog BE0164) and 250 μg of anti-PD-1 antibody (RPM1-14 clone from BioXcell, catalog BE0146).
Statistics. Statistical analyses of Kaplan-Meier survival curves were performed using the log-rank test. Unless otherwise indicated, statistical significance between independent values was evaluated using an Ordinary one-way ANOVA test with Bonferroni's correction for multiple comparisons. A P value below 0.05 (*P < 0.05; **P < 0.005, ***P < 0.001, ****P < 0.0001) was considered significant. Statistical analyses were performed with Prism software (version 6; GraphPad Software Inc.). Data represent the mean ± SEM.
Study approval. The present studies in animals were reviewed and approved by the French Agricultural Ministry -Animal Welfare Services (Paris, France, accreditation number B75-13-08).
Author contributions
DK conceived, designed, and supervised the study and obtained funding. TC, DNB, BL, FB, LF, and TV acquired the data. TC, DNB, and DK analyzed and interpreted the data. TC and DNB performed the statistical analyses. BL and FB provided administrative, technical, and material support. TC and DK drafted the manuscript. DNB and BB critically revised the manuscript for important intellectual content.
